Levansucrase genes and proteins
Levansucrases are bacterial extracellular enzymes belonging to family 68 of glycoside hydrolases according to Carbohydrate-Active Enzymes database (http://www.cazy.org/). 1 They use sucrose (a-Glc-1,2-b-Fru; GF) as a substrate to synthesize b-2,6-linked fructans: short-chain fructooligosaccharides (FOS) and also polymeric levan. 2 Levansucrases catalyse following reactions:
(i) hydrolysis of the substrate (sucrose):
(ii) polymerization: nGF þ acceptor -nG þ F n -acceptor, where G corresponds to glucose and F to fructose. Levansucrases are present in Gram-positive bacteria such as Bacillus subtilis, B. megaterium, Lactobacillus sanfranciscensis and L. reuteri, but also in Gram-negative bacteria e.g. Zymomonas mobilis, Gluconacetobacter diazotrophicus and some Pseudomonas bacteria. Levansucrase genes have been found in the genomes of Pseudomonas chlororaphis subsp. aurantiaca (also P. aurantiaca, Pca), P. fluorescens SBW25 and many Pseudomonas syringae strains (http://www.cazy.org/GH68_bacteria.html).
During recent years, we have been focusing on characterization of levansucrases of P. syringae pv. tomato DC3000 (Pst) and their biosynthesis products. P. syringae is a plant pathogenic bacterium, strains of which are assigned to over 50 pathovars according to the host plant. P. syringae infects strain-specifically bean, tomato, olive, cucumber and some other economically important plants. Pst causes bacterial speck on tomato. This strain has specific position among the P. syringae strains because it also infects a popular model plant Arabidopsis thaliana with its genome sequence available. Therefore, functional genomics can be applied to contribute to the knowledge of plant-bacterium relationship. Data on completed and ongoing sequencing projects of P. syringae strains can be found at http:// www.pseudomonas-syringae.org/.
Analysis of completed genomes of P. syringae pv. tomato DC3000, P. syringae pv. syringae B728a and P. syringae pv. phaseolicola 1448A shows that most P. syringae pathovars possess three levansucrase alleles, two chromosomal and one plasmid-born. In case of Pst, lsc1 and lsc2 are chromosomal and lsc3 resides on a plasmid. Strain B728a has no plasmids and its chromosome encodes two levansucrase proteins. The length of levansucrase proteins deduced from respective open reading frames of P. syringae pathovars is either 415 or 431 amino acids (aa). Two types of levansucrases of P. syringae differ mostly in their N-termini: the 431 aa proteins have N-terminal extensions of 16 aa that are lacking in 415 aa proteins, otherwise they share a high (89-99%) level of identity. 3 At least one of the three lsc genes of P. syringae DC3000 must be expressed in native host, because if grown on sucrose-containing medium, it synthesizes levan and has a mucoid phenotype. LscA of Pca is 424 aa long and its identity with levansucrase proteins of Pst tomato is around 72%.
2 Heterologous expression of levansucrases from Pseudomonas syringae pv. tomato with two different expression systems 2.1 Expression from P MAL1 using the pHIPMalprom vector We have shown that P MAL1 -the promoter of the maltase gene (HpMAL1, AL432586) from a methylotrophic yeast Hansenula polymorpha (synonym Pichia angusta) functions constitutively in Escherichia coli. It is attributed to the presence of two bacterial sigma 70-like boxes, TTGACA-N17-TAAATT and GGTACA-N17-TATTAT in P MAL1 with high identity to sigma 70 consensus TTGACA-N17-TATAAT (shown underlined). 3, 4 This feature of P MAL1 was applied to express levansucrases of Pst in E. coli using a plasmid-born expression system described in Visnapuu et al. (2008) . 3 Lsc genes were cloned to pHIPMalprom with their native Shine-Dalgarno sequences.
Laboratory strains of E. coli do not metabolize sucrose. Thus, levansucrase-synthesizing E. coli will acquire a sucrose-positive phenotype -it will grow on sucrose as sole carbon source in liquid culture and produce slimy levan on solid media containing sucrose (see Fig. 1 ). 3 All three levansucrase genes (lsc1, lsc2 and lsc3) of Pst expressed well in E. coli. The level of expression depended on the host strain and on the gene to be expressed i.e. the highest levansucrase activity (70 U/mg) was recorded for lsc3 in E. coli HB101 (lac þ) and the lowest (7 U/mg protein) for lsc2 in E. coli RA11r. Lsc1, Lsc2 and Lsc3 were prominent proteins in recombinant E. coli cell extracts, whereas Lsc3 had the highest expression level comprising about 20% of the total soluble protein. Using the P MAL1 -driven expression system, inclusion body formation was not detected. 3 Thus P MAL1 has appropriate strength to produce an adequate amount of soluble catalytically active levansucrase protein in E. coli. Applying this expression system, Lsc2 and Lsc3 proteins were purified from E. coli HB101 (lac þ) extracts using size-exclusion chromatography on Sephacryl S-300 column for further biochemical characterization. 3, 5 2.2 Expression from P T7 using the pURI3 vector The pURI3 vector 6 was used to produce wild-type and mutated Lsc3 proteins of Pst in E. coli BL21(DE3) from the plasmid-based T7 promoter. The pURI family of cloning vectors enables production of recombinant His-tagged fusion proteins in E. coli without enzymatic restriction and ligation steps during the cloning. 7 Implementing the pURI3 vector system, levansucrases were produced with N-terminal His 6 -tag that enabled their easy purification by Ni 2 þ -affinity chromatography. 8 Extracts of E. coli BL21(DE3) expressing His-tagged Lsc3 had total levansucrase activity up to 200 U/mg that is much higher than respective activity achieved when using the pHIPMalprom vector (see above).
3 Biochemical properties of the levansucrases: substrate specificity and kinetic parameters Levansucrases (EC 2.4.1.10; sucrose:2,6-b-D-fructan 6-b-D-fructosyltransferases) carry out sucrose hydrolysis using water for fructosyl acceptor and transfructosylation of sucrose, FOS or some alternative acceptor molecule. In addition to sucrose, many levansucrases react with a trisaccharide raffinose (a-Gal-1,6-a-Glc-1,2-b-Fru; GalGF) that is also a coli RA11r transformants harboring pHIPMalprom-lsc1 (Lsc1), pHIPMalprom-lsc2 (Lsc2) or pHIPMalprom-lsc3 (Lsc3) have a mucoid phenotype due to levan synthesis when grown on LB-sucrose (A) and LB-raffinose (B) agar plates, whereas on LB-glucose agar plates they do not produce slimy polyfructan (C). E. coli transformed with empty vector pHIPMalprom is analyzed as a reference (Ref). widespread sugar in plants. [9] [10] [11] Levansucrase protein of P. syringae pv. phaseolicola was reported incapable of raffinose hydrolysis. 12 Nevertheless, our experimental data indicated that all three levansucrases of Pst use raffinose. It was first suspected from colony phenotype of levansucraseexpressing E. coli RA11r growing on LB-raffinose plates (Fig. 1) . Regular laboratory strains of E. coli possess melibiase (a-galactosidase) splitting raffinose to galactose and sucrose whereas the RA11r strain is melibiasenegative (see references in 3 ) and has therefore suitable background to evaluate levansucrase-mediated raffinose utilization. The RA11r colonies expressing either lsc1, lsc2 or lsc3 of Pst produce mucoid colonies on LB agar plates with sucrose or raffinose (Fig. 1) . Levansucrase assay of respective bacterial extracts proved release of reducing sugars from both, sucrose and raffinose. Additionally, native polyacrylamide gel electrophoresis of cell extracts indicated levan production from both substrates. 3 Since substrate specificity data of the LscA levansucrase of Pca were absent in the literature, we addressed this issue. LscA, purchased from Sigma-Aldrich, produced reducing sugars not only from sucrose but also from raffinose and a tetrasaccharide stachyose (a-Gal-1,6-a-Gal-1,6-a-Glc-1,2-b-Fru; Gal 2 GF). 8 We have shown that all three levansucrases of Pst are capable of stachyose splitting ( 8 and our unpublished data). All four Pseudomonas-related levansucrases addressed here exhibit some levan-hydrolyzing activity which is less than 1% of respective sucrosehydrolyzing activity with fructose detected as sole end-product ( 8 and our unpublished data). Thus, levan can be considered as extracellular reserve polymer for respective bacteria contributing to their survival in the environment i.e. on plant surface. K m and k cat values for sucrose splitting and K i for inhibition of sucrose splitting reaction by raffinose of three levansucrases (Lsc2, Lsc3 and LscA) from pseudomonads are presented in Table 1 . B. megaterium. Only levansucrases of these bacteria have been crystallized in complex with the substrate, sucrose or raffinose. 2, [13] [14] [15] Crystal structure of LsdA of G. diazotrophicus (Protein Data Bank (PDB) code: 1W18) is the sole one to represent levansucrases of Gram-negative bacteria. 16 It should be noted that levansucrases of Gram-positive and -negative bacteria are rather diverse according to the sequence. For example, the sequence identity of Lsc3 of Pst with LsdA of G. diazotrophicus is 39% whereas that with SacB of B. subtilis is merely 19%. 8 Similarly, overall sequence identity between LsdA and SacB proteins is low -26%. 16 Despite of that, LsdA and SacB have similar structure of five-bladed b-propeller with central acidic pocket harbouring catalytic triad amino acids, two aspartates (Asp) and a glutamate (Glu). 13, 16 Putative active site residues of Pseudomonas-derived levansucrases predicted as in 8 are presented in Table 2 . In silico 3D structure modelling disclosed five-bladed b-propeller fold for Lsc3 of Pst and LscA of Pca. 8 The predicted topologies of Lsc3 and LscA were highly similar except for some external loops. One of these loops corresponds to region His90-Asp108 (Lsc3) or His81-Asp99 (LscA) that occurs as insertion between the conserved neighbouring regions in these two proteins (our unpublished data).
Here, we used similar ModWeb server-based modelling 17 to predict 3D structure for Lsc2 of Pst. Again, LsdA of G. diazotrophicus (PDB: 1W18) was used as a template. Figure 2 shows predicted five-bladed b-propeller structure of the Lsc2 with putative catalytic triad and His305, an equivalent of a polymerization determinant His321 of Lsc3 8 highlighted. As Lsc1 and Lsc3 proteins have the same length (431 aa) and almost identical sequence, their structures are most probably highly identical.
5 Lsc2, Lsc3 and LscA produce not only levan, but also FOS that can be detected by a novel mass spectrometric method 5.1 Characterization of the product spectrum of Lsc2, Lsc3 and LscA The pattern of polymerization products, fructans, depends on reaction conditions, but also on a particular levansucrase. Up to now, it is not clear why some levansucrases, for example those of Bacillus bacteria, synthesize mainly high-molecular levan whereas some other proteins like LsdA from G. diazotrophicus, produce mostly FOS (see references in 8 ). We hypothesize that polymerization pattern of a bacterial levansucrase may be related to natural environment of the bacterium. For instance, LsdA of a sugar cane endosymbiont G. diazotrophicus is solely responsible for nutrition of the bacterium on sucrose in plant sap. LsdA produces a large amount of shortchain FOS and only a very low amount of high-molecular levan ( 16 and references therein). Accumulation of levan in sugar cane vascular tissues is probably disadvantageous for both partners.
E. coli expressing lsc genes of Pst synthesizes slimy fructan polymer on sucrose-containing agar plates (see Fig. 1 ). LscA of P. aurantiaca S-4380 forms polymer from sucrose that is a typical levan -it has high molecular weight (7 Â 10 5 Da), b-2,6 linkages between fructose residues in the main chain and some branching through b-2,1 linkages. 18 Enzymatic digestion assay of Lsc3-produced levan predicted that levans of LscA and Lsc3 are highly similar from this aspect. 8 Analysis of the polymer produced by Lsc3 protein from sucrose revealed a 99:1 ratio of fructose to glucose that indicates its high degree of polymerization (DP) and molecular weight. 3 Importantly, when we first analysed transfructosylation products of Lsc2 and Lsc3 by thin layer chromatography (TLC), we did not detect FOS, because considerably short reaction times (up to 30 min) and relatively low substrate concentrations (up to 100 mM) were applied. Still, levan formation from sucrose and raffinose was detected in reactions conducted under these conditions. 3 If we extended reaction time up to 20 h and substrate concentration till 1200 mM, FOS of different migration distance were clearly detectable among reaction products of Lsc3 and LscA with sucrose or raffinose. 5, 8 Figure 3 illustrates FOS production from sucrose by Lsc2, Lsc3 and LscA proteins. LscA produces more high-DP FOS than Lsc3, whereas Lsc2 and LscA produce somewhat less levan than Lsc3.
Sugar beet molasses as a cheap sucrose-rich substrate were also shown suitable for FOS and levan production by Lsc3 and LscA. TLC analysis revealed that the spectra of products formed either from molasses or sucrose were highly similar. 8 Polymerizing activity of levansucrases depends on reaction conditions e.g. pH, temperature and substrate concentration. Accordingly, polymerizing activities of Lsc3 and LscA were promoted at high substrate concentrations. At 1200 mM sucrose and 37 1C, transfructosylating activities (TA) of Lsc3 and LscA were similarly high -76% and 73% of fructose residues originating from reacted sucrose molecules were polymerized. 8 At 300 mM sucrose, Lsc3 had much higher TA (43%) than LscA (15%). TLC analysis of reaction samples indicated that at 300 mM sucrose, LscA produces some kestose (DP 3), nystose (DP 4) and a small amount of levan whereas Lsc3 produces more levan and FOS. Patterns of FOS synthesized from 1200 mM sucrose by LscA and Lsc3 were similar, but LscA was definitely better producer of high-DP FOS (see also Fig. 3 ). Compared to LscA, Lsc3 is at least twice better levan producer at both, low (300 mM) and high (1200 mM) sucrose concentration. 8 These two proteins are therefore clearly different from LsdA of G. diazotrophicus which produces 1-kestose (DP 3) as a major transfructosylation product. 19 Study of transfructosylating activity at pH values 5.0-7.0 revealed no pHdependence of this function for Lsc3 and LscA whereas high temperature favoured the hydrolysis reaction. 8 5.2 Chip-based electrospray mass spectrometry as a valuable tool for glycobiology The potential of the modern chip-based electrospray ionization (ESI) systems expanded significantly the area of mass spectrometry (MS) applicability in glycobiology. The option for miniaturized, integrated devices for sample infusion into MS was driven by the considerable increase in sensitivity, ionization efficiency, reproducibility and throughput as compared to classical capillary-based electrospray. 20, 21 However, because of the lower ionization efficiency as compared to peptides and proteins, glycans required reconsideration of the conditions to promote chip ionization. Moreover, these conditions needed to be optimized for each class of carbohydrates. The optimization procedures were shown to be complex and dependent on the i) carbohydrate or non-carbohydrate type of labile attachments on the sugar chain such as fucosylation, sialylation, sulfation, phosphorylation, acetylation etc., ii) ionizability of the functional groups, iii) hydrophilic and/ or hydrophobic nature of molecules, iv) branching of the sugar chains and v) the type of the aglycon in the case of conjugated glycans. Development of effective protocols for system operation in the negative ion mode to detect carbohydrates that form rather anions was another challenging task due to the low ionization efficiency that ultimately leads to decreased sensitivity.
Up to now, two types of chip-based devices for ESI MS were successfully implemented in glycobiology. The first category is represented by the outof-plane devices, where nozzle-like nanospray emitters are integrated onto a silicon substrate from which electrospray is established perpendicular to the substrate. 21 Incorporated into a robot for automatic sample delivery, the silicon chips yielded the NanoMate platform, uniquely suited to highthroughput glycan analyses by ESI MS at remarkable flow rates (50-150 nl/ min) and sensitivities (low picomole to femtomole range). The second chip-ESI system introduced in glycomics consists of a planar polymer microchip embedding a microchannel at the end of which ESI is generated in-plane. 22 These microsprayers provide a high stability of the spray in time, higher tolerance to salts, improved signal-to-noise ratios at various flow rates (200-400 nl/min) and flexibility to different ion source configurations, with the additional advantage of cheaper production costs compared to silicon technologies.
As a result of the very efficient ionization properties, both chips for ESI preferentially form multiply charged ions and minimize the in-source fragmentation of the groups attached to the sugar core through linkages that cleave readily. Due to its versatility and unsurpassed sensitivity NanoMate system is so far dominant chip-ESI system for glycoscreening and sequencing. For glycomic studies, NanoMate has been coupled with a variety of mass spectrometers 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] such as quadrupole-time-of flight (QTOF), high capacity ion trap (HCT), Fourier-transform ion cyclotron (FTICR), Orbitrap MS and several fragmentation techniques 21, [24] [25] [26] [27] 29, 30 like collision-induced dissociation (CID), electron-transfer dissociation (ETD), sustained-off resonance (SORI)-CID and multistage CID MS (MS n ). NanoMate has been applied to almost all glycan and glycoconjugate categories 5, 8, [32] [33] [34] [35] [36] originating from different biological or synthetic matrices and, under properly optimized conditions, provided in all cases highly reproducible and sensitive analyses, detection of minor components in complex mixtures and discovery of biomarker species, often without the need of separation prior to MS analysis.
Identification of FOS synthesized by the levansucrases by chip-based nanoESI HCT MS
Before our studies, some reports on conventional ESI MS application and optimization for the analysis of levansucrase reaction products were available. It has been used to confirm methyl-fructoside formation from sucrose and methanol by the Rahnella aquatilis levansucrase 37 and to study composition of oligosaccharidic reaction products synthesized from sucrose and its analogs by wild-type and mutant levansucrases of B. subtilis.
38
Although presence of FOS among reaction products of Lsc3 and LscA was detected by us using a traditional TLC, we intended to exert accurate and up-to-date MS method to specify the length of the FOS species. Experimental conditions for fully automated chip-based nanoESI, performed on the NanoMate robot incorporating a 400 nozzle silicon chip for ESI coupled to HCT MS, were optimized. 5 Both, negative and positive ion modes of the NanoMate-HCT MS platform could be used whereas formate or phosphate and sodium additives of FOS were observed, respectively. Those adducts of the saccharidic ions most probably originated from the reaction buffer (McIllvaine's buffer) and the solution for MS sample preparation (it contained methanol and formic acid). Also, hydrated ions were frequently spotted. Though ionization efficiency of neutral underivatized oligosaccharides is limited and relative abundance of larger ions thereby tends to be reduced, we detected FOS with DP up to 5 or 6 formed from sucrose and raffinose by Lsc3 and LscA, respectively. To confirm the saccharidic origin of the isolated ions, MS n was applied by employing CID as the fragmention technique. Depending on the sequencing conditions we obtained product ion spectra of FOS-derived precursor ions up to MS 3 .
5,8
The NanoMate-HCT MS method confirmed our TLC results -at high substrate concentration FOS synthesis prevailed. Regarding the experimental conditions, we obtained best-quality spectra of FOS if levansucrase reactions were carried out at high (1200 mM) substrate concentration. It should be noted that thermally inactivated protein, residual (unreacted) substrate and buffer components of the reaction mixture did not hinder FOS detection. However, a long-lasting steady spray was obtained when reaction samples were dialysed or levansucrase reactions were conducted in deionized water.
Our study is the first report on introduction and optimization of novel and highly sensitive chip-based nanoESI HCT MS method for the analysis of underivatized FOS mixtures formed from sucrose and raffinose by a levansucrase protein. Commercial prebiotic inulin-based oligofructose mixtures (OraftisP95 and OraftisSynergy1) were analyzed to validate the method. The spectra of commercial FOS were highly similar to those produced from sucrose by Lsc3 and LscA. 5 This suggests potential prebiotic effect of FOS synthesized by levansucrases of pseudomonads.
Chip-based nanoESI HCT MS revealed synthesis of heterooligofructans by Lsc3 and LscA
Levansucrases and fructosyl transferases from Gram-positive bacteria can besides sucrose transfructosylate also nonconventional acceptors and thereby produce sucrose analogs.
11,38-40 So, for levansucrases of Gramnegative bacteria P. aurantiaca and Z. mobilis, transfructosylation of lactose yielding bifidogenic lactosucrose has been described. 41, 42 We used above-mentioned rapid and straightforward chip-based nanoESI HCT MS method 5 and D-glucosamine were tested for the acceptor function. While all these substrates have molecular masses different from glucose or fructose, heterooligofructans (HOF) are clearly detectable if formed in the reaction. The samples for MS analysis were prepared and reactions were conducted as described by us earlier. 8 MS analysis of the samples indicated that all tested nonconventional acceptors except for D-glucosamine were used by Lsc3 and LscA. The chain lengths of HOF detected in case of every acceptor are listed in Table 3 .
Importantly, for preliminary screening of the biosynthesis products, reaction mixtures were analyzed by MS without prior purification. Despite of it, the mass spectra were of sufficient quality to specify HOF. We could detect four different series of sodiated oligosaccharidic ions: 1) HOF with 1-4 fructose residues added to the acceptor residue; 2) hydrated forms of HOF with DP up to 5; 3) conventional FOS with DP up to 5 produced from sucrose as a donor and acceptor and 4) hydrated species of conventional FOS. No non-covalent complexes between the acceptor, substrate and fructose were formed showing accuracy of the experiments. As an example, Fig. 4 shows the mass spectra of Lsc3 transfructosylation products with D-arabinose as an acceptor. Saccharidic origin of the detected HOF was concluded by CID MS n .
8 Table 3 Nonconventional fructosyl acceptors of Lsc3 of P. syringae pv. tomato and LscA of P. chlororaphis subsp. aurantiaca. The degree of polymerization (DP) of mass spectrometrically detected products is shown. Data extracted from Supplementary Significantly, we showed for the first time that levansucrases can transfructosylate D-sorbitol, D-galacturonic acid, D-mannitol, xylitol, methyl-a-D-glycopyranoside and a disaccharide xylobiose. 8 We presume that use of alternative fructosyl acceptors and synthesis of HOF is probably a common feature of levansucrases. It may be due to relaxed binding properties of the þ 1 and further subsites of the active centre. According to the 1 H and 13 C NMR spectroscopy data of previously studied HOF synthesized by levansucrases of bacilli, we assume that the linkage type between a D-isomer of nonconventional acceptor sugar and adjacent fructose residue is most probably the same as between D-glucose and fructose in sucrose molecule i.e. a-1,2 11, 38 whereas the bond between following fructose residues is most probably b-2,6 as typical for bacterial levans. 38 We consider that chip-based nanoESI HCT MS is a feasible high-throughput method to screen possible acceptor molecules of various glycosyl transferases.
6 Isolation and novel screening methods for levansucrase mutants 6.1 Isolation strategies of Lsc3 mutants Lsc3 protein was selected to initiate structure-function analysis of levansucrases of pseudomonads using a traditional approach -isolation and characterization of mutant proteins. First, we applied random ethylmethane sulfonate (EMS) mutagenesis of E. coli transformants that harboured the lsc3 gene on a plasmid pHIPMalprom-lsc3. The mutagenized transformants were plated out to obtain a large amount of colonies. The total plasmid pool from these colonies was used as template to amplify the lsc3 gene fragment for recloning to pHIPMalprom. Then E. coli was transformed with this new pool of plasmids and transformants were screened for mucoid phenotype on agar medium with 10% sucrose (similarly as in Fig. 1 ). Plasmid DNA from selected mutants was isolated and lsc3 gene was sequenced to identify the mutations. Most of isolated mutants carried multiple amino acid-changing mutations in the levansucrase gene. Based on position conservation analysis, some of the mutations (Asp300Asn and Thr302Pro) were chosen to construct respective His-tagged single mutants site-directedly. 8 Site-directed mutagenesis of lsc3 gene, production and purification of respective N-terminally His-tagged mutant Lsc3 proteins was carried out using mutation-introducing oligonucleotides and the pURI3 vector. 8 We substituted histidine (H) at position 321 with arginine (R), lysine (K), leucine (L) and serine (S). His321 of Lsc3 is equivalent to His296 of Z. mobilis LevU and Arg360 of B. subtilis SacB. These residues are crucial for transfructosylation reaction by these levansucrases. 2, 9, 43 6.2 Rapid microplate-based methods for the screening of levansucrase mutants: using permeabilized levansucrase-expressing bacteria as catalysts Permeabilized microbial cells can be used for the study of intracellular enzyme activities. 44 Earlier we have used microtitre plate-based semiquantitative enzyme assay in isolation and characterization of yeast mutants. In this procedure, 0.1% CTAB (cetyltrimethylammonium bromide) was used as a permeabilizing agent. 45, 46 We have shown that 0.1% CTAB can also be used for permeabilization of E. coli cells and that it has no inhibitory effect on levansucrase protein. Having this information, we introduced a microtitre plate-based levansucrase assay on CTAB-permeabilized levansucrase-expressing E. coli. 47 This type of assay is simple, rapid and can be robotized. All stages of this procedure: precultivation of transformed E. coli, induction of the promoter to switch on protein expression, cell permeabilization and evaluation of catalytic activity can be performed on a microplate. In case of efficient expression system, sufficient amount of protein (levansucrase) will be present in 200 ml of bacterial culture in a microplate well to enable enzyme activity analysis. Regarding our pURI3-based expression system, we have used a following protocol to evaluate total (i.e. sucrose splitting) levansucrase activity of Lsc3 variants (our unpublished data; see the footnote w ). We have shown that permeabilized cells of levansucrase-expressing E. coli can also be used for evaluation of FOS-and levan-producing ability of a levansucrase. 47 According to TLC analysis, reaction products synthesized from sucrose by either cell extract of Lsc3-expressing E. coli or purified Lsc3 protein were highly similar to those produced by Lsc3-expressing permeabilized E. coli. In all cases, FOS with DP up to seven and also nonmigrating products (high-DP FOS and levan) were revealed. 47 Our current protocol for this procedure is presented in the footnote z . Levansucrases of Pst, if expressed in E. coli, are not secreted from the cell, but remain mostly in the cytoplasm. In case of Lsc3 protein, 88% of the levansucrase activity was located in the cytoplasm and 12% in the periplasm of the host bacterium. 3 Permeabilization by CTAB overcomes the permeability barrier of the cytoplasmic membrane as well as cell envelope's outer membrane. Therefore we could detect a considerable amount of Lsc3 released from intact cells after their treatment with CTAB (our unpublished data).
Some catabolism of sucrose can still take place in the periplasm of untreated (intact) cells because sucrose will diffuse into the periplasm w Assay of total levansucrase activity on permeabilized cells of recombinant E. coli. Grow colonies of levansucrase-producing E. coli overnight in LB broth on a 96-well microplate. Combine 50 ml of microtitre plate-grown E. coli culture and 50 ml of 0.2% CTAB (cetyltrimethylammonium bromide) in McIllvaine's buffer (pH 6.0) in a new microtitre plate well and agitate for 10 minutes at room temperature to permeabilize the cells. Then, add 50 ml of 0.3 M sucrose (final concentration 100 mM) in McIllvaine's buffer (pH 6.0) to start the levansucrase reaction and agitate further at 37 1C. To stop the reaction at suitable time point, e.g. in 5 min, withdraw 10 ml of the reaction mixture, combine it in a new well with 30 ml of Tris buffer (200 mM, pH 8.3), heat the plate at 96 1C for 5 min and cool on ice. To visualize glucose released from sucrose, add 160 ml of Glucose Liquicolor reactive (Human GmbH, Germany) to the well and incubate the plate for 5 min at 37 1C. Measure the absorbance of red color at 500 nm (we use Tecan Sunrise TM microplate reader; Tecan Group Ltd., Switzerland, and respective software). If you analyse mutant proteins, use the absorbance value obtained with the culture expressing the wild-type protein for reference. The E. coli culture should be diluted in McIllvaine's buffer prior to the assay if catalytic acitvity is above the detection range of the microplate reader. through aspecific porins of the outer membrane and can thereby be metabolized by periplasmic fraction of the levansucrase. Accordingly, intact recombinant E. coli cells exhibited B12.5% of total levansucrase activity measured from CTAB-permeabilized cells (our unpublished data). This result agrees well with relative proportion of the levansucrase in the periplasm. Due to periplasmic levansucrase activity, Lsc3-expressing E. coli acquires the ability to grow on sucrose minimal medium. 3 Above-mentioned methods can be used for high-throughput and sensitive screening of large pools of mutants of various sugar-acting enzymes and can also be adjusted for the assay of other enzyme types.
6.3 Characterization of first mutants of the Pst Lsc3 protein: His321, Asp300 and Thr302 as residues implicated in polymerization reaction For the first time, levansucrases of Pseudomonas bacteria have been addressed from the structure-function aspect. 8 His321 of Lsc3, an equivalent of Arg360 of B. subtilis SacB and His296 of Z. mobilis LevU, was predicted as polymerization determinant of Lsc3. The position of this residue is indicated on a 3D model of the Lsc2 protein in Fig. 2 . To verify significance of His321, it was site-directedly mutated to Arg, Lys, Leu and Ser. This substitution had expected consequences: K m values for sucrose splitting reaction increased up to 30 times (the affinity was reduced) and catalytic efficiency decreased by more than 200 times. Highest negative effect on catalysis was determined for H321S mutant. Expectedly, TA of His321 mutants was significantly reduced -from 74% (His-tagged wild-type Lsc3) to 23% (H321L mutant). So, His321 is certainly of catalytic importance for Lsc3 protein. 8 The mutants D300N and T302P had two to three times reduced affinity for sucrose splitting and k cat values were reduced by one third, compared to wild-type Lsc3. TA of D300N mutant was rather similar to the wild-type enzyme, whereas that of T302P was reduced to 47%. Reactions conducted as in 8 were analysed for the amount of levan and total FOS. Levan production can easily be monitored in a simple turbidity assay on microtitre plates. Our study indicated that levan production by His321 substitution mutants was strongly retarded. When wild-type His-tagged Lsc3 produced 7.2 mg/ml levan, the T302P mutant synthesized less levan (6.2 mg/ml), whereas D300N produced even more polyfructan (8.6 mg/ml) than the wild-type. Total amounts of FOS produced by His321 substitution mutants ranged from 45.3 mg/ml (H321L) to 61.0 mg/ml (H321R). Respective value for T302P mutant was 42.5 mg/ml and for D300N mutant 80.5 mg/ml. The wild-type Lsc3 protein produced 107.9 mg/ml of total FOS under these conditions. Pattern of FOS produced by the mutants revealed FOS with mobility of kestose (DP 3) as major FOS species for H321R mutant while in case of T302P mutant a product with mobility of nystose (DP 4) was also detected. Intriguingly, the FOS pattern of D300N was very similar to that of LscA (see data on LscA in Fig. 3) showing presence of longer-chain FOS species that are not visible among polymerization products of wild-type Lsc3. 8 According to sequence alignment of levansucrases, Asp300 and Thr302 of Lsc3 belong to highly conserved region D(E/Q)(T/I/V)ER of levansucrases. Position of Asp300 is almost invariant in levansucrases -only the Clostridium acetobutylicum protein has Gln (Q) at that position. 16 Unexpectedly, D300N mutant did not differ much from the wild-type Lsc3 in our assay. Thr302 is located next to predicted acid-base catalyst Glu303 of Lsc3 and is invariant in levansucrases of Gram-negative bacteria. Levansucrases of Gram-positive bacteria have mostly valine (V) or isoleucine (I) at that position. 16 The mutation of a residue equivalent to Thr302 in Lsc3 has not been described for any of the levansucrase proteins. Our results indicate that replacement of Thr302 with Pro significantly decreases transfructosylation, especially synthesis of longer-chain FOS.
The active centre of levansucrases forms a funnel-shaped pocket in the middle of the b-propeller. 13, 14, 16 Fructose residue of sucrose molecule binds at the bottom of the pocket and glucose residue on top of it. 48 In B. subtilis levansucrase, Glu340 and Glu342 of the DEIER motif as well as Arg360 belong to þ 1 subsite of the pocket. This subsite binds glucose residue of the donor sucrose molecule. Arg360 and Glu340 form tight hydrogen bonds with hydroxyls of the glucose residue fixing it in a proper orientation needed for further reactions. 2, 14 We hypothesize that in Lsc3 protein, His321 and Thr302 belong to þ 1 subsite of the substrate binding cavity. If these residues are mutated, sucrose binding is hindered that is reflected in increased K m and reduced catalytic constant values of sucrose splitting reaction. The þ 1 subsite is also involved in acceptor binding. Therefore His321 and Thr302 substitution mutants of Lsc3 exhibit changed pattern of polymerization products: synthesis of levan and long-chain FOS was reduced whereas short-chain FOS were still produced.
Concluding remarks and future perspectives
This report highlights our recent results on levansucrases of Pseudomonas bacteria. Before we started our research, allelic spectrum of levansucrase genes had been studied in many P. syringae pathovars and respective genes of P. syringae pv. glycinea and phaseolicola were cloned and expressed in E. coli. 49, 50 A levansucrase protein of P. syringae pv. phaseolicola was purified and biochemically characterized by Hettwer and coworkers. 12 We have been focusing on enzymology and product spectrum of levansucrases encoded in the genome of P. syringae pv. tomato (Pst) with LscA from P. chlororaphis subsp. aurantiaca (Pca) studied as a reference. We conclude that levansucrases of Pseudomonas bacteria are from many aspects very similar to those of other bacteria -they synthesize not only levan, but also short-chain FOS and predictably have b-propeller fold that is typical for levansucrases. Using a novel rapid and high-throughput chipbased mass spectrometry method, we showed that oligosaccharidic reaction products of levansucrases can be easily analysed without prior derivation and even without purification. Importantly, the screening indicated that transfructosylation of nonconventional acceptors is most probably a common attribute of levansucrases though beforehand demonstrated mostly for the enzymes from bacilli. Our further studies will be focused on the structure-function relationships of levansucrases of Pst with first results concerning catalytically relevant positions of Lsc3 protein denoted already in this report. Having in hands a timesaving toolbox for cloning, protein expression, enzymatic assay and reaction product analysis, we hope to get valuable information on Pst levansucrases that can be applied in biotechnology but should also contribute to elucidation of their role for the bacteria.
